Poduli and Sukhatme considered the problem of maximizing the total sensor coverage area with the constraint of at least K neighbors linked with every robot. Two virtual forces of attraction and repulsion are defined between robots to force them to move until at least K neighbors is within the neighbor set (Poduli & Sukhatme, 2004) . In addition to the algorithms developed based on the analytic method of potential field and graph theory, each robot in a multi-robot team can be considered as an organism, and the network formed by robots can be viewed as an organism aggregation. The aggregation behavior in nature is widely studied in biological research area. Typical force components of an aggregation model include locomotory, aggregative, arrayal and random (Flierl et al., 1999; Parrish et al., 2002; Czirok et al., 1996; Gueron et al., 1996) . For the aggregative force, longrange attraction and short-range repulsion is the most typical model (Gueron et al., 1996; Gazi & Paasino, 2003; Gazi & Passino, 2004) . When the neighbors get too close to the individual, a repulsion force is caused to part the individual from those too-closed neighbors. On the other hand, the neighbors that are a little far from the individual will cause an attraction force to the individual. The concept of the attraction-repulsion force model is later applied into the multirobot dispersion movement algorithm to maintain the communication network. In nature, the E. coli bacteria have a foraging mechanism for searching for food and avoiding noxious substances. The flagellum of bacteria causes two kinds of actions: (1) the swimming action, which is to make the cell move forward, and (2) the tumbling action, which is to make the cell change direction. When in the isotropic homogeneous environment, the bacteria alternate swim with tumble, and, hence, they move in random walks. This enables the bacteria to search for nutrients. While the bacteria encounter a nutrient gradient, they spend more time swimming and less time tumbling. The direction is biased towards increasing nutrient gradient, and the nutrient concentration data of past steps are used to decide how long to run. In other words, although the bacteria do not have any positional information about the environment concentration, they use the "time density" instead of "spacial density" to make movement decisions (Passino, 2002) . In the target search problem studied, to maintain a proper communication network, one robot need to keep a certain number of communication links. In other words, the "communication density" is desired to reach a certain value. This is similar to the bacteria searching of nutrient. Hence the bacteria foraging behavior is applied as a driving force for robots to move to the area with a desired communication density. Many algorithms utilizing large information quantity are proposed for multi-robot systems applied to environment exploration, sensor network, formation control and other topics. In this chapter, the multi-robot deployment movement problem with a dispatch mechanism is discussed. The design of the dispersion algorithm is distributed and only utilizes simple information. Although more information brings better efficiency, it also causes problems of high cost and retrieving difficulty. Hence, in the proposed algorithms, the position information is not required that greatly reduces the implementation cost on positioning devices. Moreover, the bacteria foraging behavior along with the attraction and repulsion model of organism is also integrated into the algorithm. These biomimic behaviors help the robot team to overcome limitations for lack of position information.
Outline
The rest of the chapter is organized as follows. Section 2 formulates the dispatch and dispersion problem. Section 3 presents the dispersion movement algorithm of multi-robot www.intechopen.com systems inspired by the bacteria foraging behavior and the aggregation of creatures. Section 4 presents the control rule of dispatching robots at the base station. Section 5 discusses the scenario and the statistics of related simulation results. Finally Section 6 summarizes this chpater.
Problem Formulation
In the section, a target search problem combined with a multi-robot dispersion movement and a robot dispatch rule in a base station is defined. First, the unknown environment is assumed to be on a two-dimensional plane without boundary and obstacles. Certain target exists at unknown position in the environment, and robots are released from a base station for searching for the target. Since the position of the target is unknown, an appropriate number of robots are required to be able to cover a certain area and the number is not decided in advance. Hence the base station needs to release robots continuously until the target is found. Once the target is sensed by any of the robots, the target search task is finished. Figure 1 shows a schematic diagram of the target search problem. The square in the center of the plane denotes the base station which is responsible for releasing robots. The circular patterns denote the robots which have been released, and the star symbol denotes the target. Since the position of the target is unknown, the size of required coverage area by a team of robots could not be estimated in advance. That is, the appropriate number of robots that are able to sense the target can not be decided in advance. To solve this problem, the base station needs to release robots continuously for enlarging the coverage area until the target is found. Once the target is sensed by one of the robots, the target search task is finished. For a multi-robot system, information sharing is one of the key advantages compared with a single-robot system. In general, the communication between robots has a limited range, defined as the "communication range" of the robots. A schematic diagram is shown in Figure  2 . The black dots denote the robots. The large circle denotes the communication range of Robot 1. Robot 2 is inside the communication range of Robot 1. Hence Robot 2 is called a "neighbor" of Robot 1. On the other hand, Robot 3 is outside the communication range of Robot 1. Therefore Robot 3 is not a neighbor of Robot 1. The sensible range of robots for the target is also limited. The range is defined as "sensing range", which is denoted by the small gray circle in Figure 1 .
Base Station
www.intechopen.com For the target search problem, there are two major tasks: (1) the dispatch manner at the base station, and (2) the dispersion manner on each individual robot.
Dispatching at the Base Station
The duty of the base station is to release robots until the target is found. Since there is no prior information of the location of the target, and these robots need time to spread out, the base station should decide the following two issues: "when to release new robots" and "how many new robots to be released." To make a proper decision, the base station needs some information of the dispersion manner of the robots in advance, or it can receive real-time information from the robots.
Dispersion of Robots
Once robots are released from the base station, they start to move. To simplify the problem, these robots are set to move along the following four directions: go forward, go backward, move right and move left, as shown in Figure 3 . Also the velocity of each robot is assumed to be the same. During the movement, the robots should spread out as widely as possible while keeping the communication network connected. Many movement algorithms are developed previously and can provide good efficiency. However, they are usually designed based on rich information such as the position of robots with specialized equipments. Sometimes a leader is also needed to direct other robots. The main objective of this chapter is to develop a dispersion algorithm for robots that only uses simple and easily obtained information. Hence, simple distributed computation can be implemented on each robot. 
Dispersion Algorithm
In the target search problem studied, to maintain a proper communication network, robots need to keep a certain number of communication links. In other words, the "communication density" is desired to reach a certain value. This is similar to the bacteria searching of nutrient. Hence the bacteria foraging behavior is applied as a driving force for robots to move to the area with a desired communication density. Moreover, the advantage of not using the position information is achieved. This helps decrease the implementation cost and solve problems like retrieving. Simply speaking, the algorithm works as follows. When the neighbors of the robot get too close to the robot, a repulsion force is caused to separate the robot from those too-closed neighbors. On the other hand, the neighbors that are a little far from the robot generate an attraction force to the robot. This attraction-repulsion concept is combined together with the bacteria foraging behavior to design the dispersion algorithm.
Symbol Definition i
Robot ID k Number of total robots at Step k
Moving direction of Robot i at Step k The parameters of the dispersion algorithm are defined in Table 1 . These parameters are grouped as indexes, the radiuses of different ranges, the number of neighbors, the definitions of different areas and radiuses, the lengths of time steps, the stop percentage of robots, the two releasing parameters of base station, and other parameters. All of these parameters will be explained in detail later when mentioned in this discussion. A new range, called "repulsion range", is defined as shown in However, in order to avoid the partition of the communication network, a slight adjustment is applied to the moving condition. The probability of network partition increases when the moving robots have only a few neighbors within the communication range. Therefore they should take a conservative action to avoid partition; that is, they should stop at such situation. Hence the moving condition is further adjusted as follows.
For the condition that () nk ≠ , it is defined as the "Phase R," indicating the repulsion force stage. Since keeping the network connected is of most important, the attraction force is considered prior to the repulsion force. Once the moving condition is satisfied, the robot starts to move. For simplicity, the robot moving velocity is set to be the same. Hence the only one variable that the robot needs to nk , three cases, namely "Case Normal", "Case Strait", and "Case Random" are specified. Each case also includes Phase A and Phase R, respectively. The scenario in Phase A is discussed in the following, and minor adjustment is given for that used in Phase R. Case Normal: The values of () Step k is shown in Table 2 . Table 2 . If c N is assumed to be 5, c n in
Step k-4 and Step k-9 are both closest to the desired valued of c N . Since
Step k-4 is the later step, the direction of Step k-4 is then adopted and the next moving direction is determined as "Forward".
Step Step k is shown in Table 3 . Step In this case, it is assumed that the robot does not have enough information about the environment. Therefore, it chooses a random direction for the next movement. The action is continued until there is enough information about the environment and the situation then changes to Case Normal or Case Strait. An example of the recorded buffer of c n at
Step k is shown in Table 4 . Step 
Dispatching at the Base Station
The task at the base station is to release robots into the environment for searching for unknown targets. Because of the communication and sensing limitations, the coverage area by one robot is limited. Therefore, the base station needs to add new robots to enlarge the www.intechopen.com coverage area. Two questions decided by the base station are "when to release robots" and "how many robots to be released." For the first question, when most robots are stopped, the coverage area could approach to a limit value. Hence, the base station should release more robots when the percentage of stop robots exceeds a certain value. Assume () pk is the percentage of stopped robots at Step k, and P is a decision value defined by the user. Then, the releasing time t T can be defined as follows,
where {1, 2,3,...} t = is the releasing index, and
For the second question, the goal of releasing new robots is to enlarge the coverage area. Thus, t u , the number of additional robots at time t T , is defined as follows: Figure 7 shows the diagram of the feedforward estimation. While the percentage of stopped robots is computed, the total coverage area is estimated by the base station itself. Since most robots are stopped at the releasing times, each of them should have reached a certain coverage area. The effective coverage area of single robot is estimated by utilizing R . Hence it is named as "feedforward estimation." Figure 7 . The flowchart of the dispatch-dispersion mechanism with feedforward estimation
Area Estimation with Prior Information

Area Estimation with Feedback Information
Although the actual effective coverage area of each robot is unable to obtain, each robot can still estimate it. Figure 8 shows the diagram of the feedback estimation. Same as the feedforward estimation, the percentage of stopped robots is returned by robots. Also the effective coverage area is estimated by each robot itself and then returned to the base station. Then the total coverage area could be estimated by summing these estimated effective areas. The following estimation is then used: 
where
A k is the estimated effective coverage area of robot i at step k. Therefore the total coverage area is computed as follows: 
Simulation Study
In this section, several simulation studies are conducted to demonstrate the performance of the proposed movement algorithm. First, the stability of the dispersion algorithm with one single robot moving in static environment is studied. Second, the dispersion algorithm used in a multi-robot system is demonstrated and the statistics of partition rate, coverage area, spending time and stop rate are summarized. Finally, the dispatch rule at the base station is combined to execute the scenario of a target search problem. Figure 9 shows the simulation results on a static environment. In this simulation, the following parameters are used. The light (purple) dots in Figure 9 denote stationary robots. With these stationary robots, the equilibrium region that only one single moveable robot can satisfy the requirement of () 6
Static Environment: Dispersion of One Robot
i c nk= and () 0 i r nk= are computed. The equilibrium region is denoted by the dark (red) hexagon symbols as the outer circular region and the inner circular region near the center as shown in Figure 9 (a). The two similarly circular regions in Figure 9 (b) are the final stop positions of one single moveable robot with the same requirement using 1500 simulations with initial positions set at (100,100) or (-100,-100). From the two plots, it can be observed that the two set of dark (red) regions are almost the same. The reason that the inner part of the hexagon symbols of Figure 9 (a) is missing in Figure 9 (b) is that the robot stops right as the requirements are satisfied. Hence, no robots stop inside the inner circle. Therefore, the dispersion algorithm indeed leads the robot to the regions that satisfy the requirement. seen that, due to the repulsion force of Phase R, there are no robots staying too close and hence the coverage area has been enlarged to a certain value. Related statistic analysis of the dispersion algorithm is discussed in the following.
Partition Rate
The zero desired value of () 
Coverage Area/Effective Area Radius
In addition to the partition rate, the value of larger than that of attraction since the network is partitioned due to the repulsion force.
Spending Time
The spending time is defined as the time when all robots are stopped. Figure 14 shows the relationship of the spending time and the number of robots with c R = 100 and r R = 10, ..., 40. From the figure, it can be observed that the spending time is roughly proportional to the number of robots. Moreover, the slope is only determined by r R . Figure 15 
Stop Rate
The average spending times are also recorded when the stop rate exceeds 10%, 20%, …, 100%. The result is shown in Figure 16 . The vertical axis is the percentage of the time spent, and the horizontal axis is the stop rate. It can be seen that these two ratios have a roughly exponential relationship regardless of the values of r R and c R . This combined with the spending time would be useful information for estimating the time when the stop rate exceeds a certain value. Later this information is used in the dispatch rule. The objective of the dispatch at the base station is to enlarge the coverage area timely. Figure  18 shows the coverage area versus the time of two simulations. The longer (red) line is a simulation result of feedforward estimation, and the shorter (blue) line is a simulation result of feedback estimation. It can be seen that the coverage area increases almost linearly with time, which indicates that by using the dispatch rule the base indeed releases appropriate number of robots at right time.
Moreover, the final spending time when the stop rate () pt reaches P can be estimated in advance with the simulation statistics. Hence another dispatch rule is studied where the coverage area and the stop rate of robots are both estimated by the base station. The flowchart is shown in Figure 19 . Figure 20 is a simulation result of applying the statistics of the spending time and the stop rate. It can be seen that the coverage area increases roughly linear with time as well as the two former estimation methods. Hence this estimation provides a good performance. Moreover, no information returned by robots is needed, therefore the base station can even determine k u and t T before the task starts. This is a very beneficial advantage.
(g) Figure 17 . The progress of target search. (a)
Step 320: Initially, the network formed by 10 robots which is too small to cover the target. 
Estimation Accuracy of Dispatch Rule
In the target search task, the base station decides the releasing time and the number of released robots by estimating the coverage area and the stop percentage of robots with three kinds of methods, namely the "area estimation with prior information", "area estimation with feedback information" and "area and stop percentage estimation with prior information." For these three estimations, the accuracy is one of major concerns. Figure 21 and Figure 22 show the estimation accuracy of area and stop percentage of the three shows that the accuracy of area estimation is a little worse than the one of the former two estimations but still remain a value larger than 0.5. And for the estimation of stop percentage, the estimation value is between 0.6 and 0.95, which is about the range of 0.8 ± 0.2. Hence the estimation of stop percentage shows a good result. 
Conclusions and Future Work
In this chapter, a dispersion movement algorithm for multi-robot systems with simple computation and easily obtainable information is proposed. The only information needed is the communication density, i.e., the number of communication links of each individual robot. In addition, a dispatch control rule is proposed based on the dispersion algorithm. With some parameters known in advance, the base station could then estimate an appropriate time to release new robots. The dispersion and dispatch control rules are easy to implement for a practical multi-robot system to act like a natural creature system. The dispersion movement algorithm itself still executes as a natural system. And with the dispatch rule, the dispersion algorithm can be used in tasks with more variety. Simulation results of the dispersion and dispatch control rules are presented, and statistics of the coverage area, partition rate, spending time and stop rate show the advantage of these algorithms. In the future, the research will focus on the mechanism of adaptively adjusting of the dispatch control rule, and the theoretical analysis of the algorithm performance. The implementation of the algorithm on practical robots and further applications are also under planning.
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